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ABSTRACT 

We investigate radio-mode AGN activity among post-starburst galaxies from the Sloan 
Digital Sky Survey to determine whether AGN feedback may be responsible for the 
cessation of star formation. Based on radio morphology and radio-loudness from the 
FIRST and NVSS data, we separate objects with radio activity due to an AGN from 
ongoing residual star formation. Of 513 SDSS galaxies with strong A-star spectra, 
12 objects have 21-cm flux density above 1 mJy These galaxies do not show optical 
AGN emission lines. Considering that the lifetime of radio emission is much shorter 
than the typical time-scale of the spectroscopic features of post-starburst galaxies, we 
conclude that the radio-emitting AGN activity in these objects was triggered after 
the end of the recent starburst, and thus cannot be an important feedback process to 
explain the post-starburst phase. The radio luminosities show a positive correlation 
with total galaxy stellar mass, but not with the mass of recently formed stars. Thus 
the mechanical power of AGN feedback derived from the radio luminosity is related 
to old stellar populations dominating the stellar mass, which in turn are related to 
the masses of central supermassive black holes. 

Key words: galaxies: evolution - galaxies: fundamental parameters - galaxies: jets 
- galaxies: stellar content - radio continuum: general 



1 INTRODUCTION 

Various observational facts and theoretical models have sug- 
gested that feedback from AGN activity has a strong impact 
on galaxy form ation and evolution, especially star format ion 
in galaxies (seefBland-H awthorn. Veilleux. fc Cecilll2007l . for 
a review). The starburst- AGN connection has been investi- 
gated for a broad range of galaxy and AGN types, showing 
that the mechanism triggering intensive star formation 
might also cause strong fu elling onto a central super- 
massive black hole (e.g. ISmith. Lonsdale. fc Lon sdale 



19981: ICid Fernandes et all l200ll: IVeilleuxl 



Farrah et al.1 120031; 



■Rupke. Veilleux. fc Sanders! 
Lonsdale. Farrah. fc SmitlfeOOfj : iLiu et al.ll2009h . Effects of 



AGN activity on the interstellar medium and its evolution 
are traditionally split into two categories: the radiative 
mode , including ionisat i on, h eating, and radiation pressure 
(e.g. ICiotti fc Ostrikerl |2007t > and the mechanical mode 
via nuclear winds and jets (e.g. Ciotti. Ostriker. fc Proeal 



2009; Shin, Ostriker, fc Ciottill2010h . although the physi 
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of th ese feedback process is still uncertain (see iBeeelmanl 
|2004 for a review). AGN feedback in many different forms 
has been highlighted as a possible mechanism to explain the 
shape of the galaxy luminosity function (e.g. ICroton et al.l 
l2006h . the t emperature-lumino sity relationship of galaxy 
clusters (e.g. iBower et all 200 ll). the cooling flow problem 
of ga laxy clusters (e.g. iFablanl 19941 : IVernaleo fc Re ynolds! 
120061 ) . the colour bimodality of galaxies (e.g. Smolcic 2009), 
and other observational phenomena. The form of AGN 
feedback varies among different models, but the main idea 
of this AGN feedback is to regulate the supply of potentially 
star-forming cold gas by supplying extra energy to the 
interstellar and intergalactic medium. 

The effects of AGN on star formation can be examined 
in several different stages of galaxy evolution. One way is 
to unde rstand the stellar pop ulations of AGN host galax- 
ies (see ICanalizo et al.l [2006. for a review). For example, 
the host galaxies of low-redshift narrow-line quasars have 
a significant fraction of recently form e d (1 < Gyr) stars 
(iKauffmann et al.ll2003l : ILiu et al.|[2009T ) . IVanden Berk et al.1 
(2006) found similar results for broad-line quasars. The 
mass of molecular gas varies in AGN host galaxies, and is 
also an indirect measurement of their star-formation po- 
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tential (e.g. Papadopoulos et all 1200 1; lEvans et al l 120091 : 
I Wang et alll2O10D . Another way is to investigate galaxies 
such as ULIRGs, hosting bo th AGNs and intensive st ar for- 
mation simultaneously (see ISanders fc Mirabell 1 19961 . for a 
review). Several radio-loud star-forming AGNs also show a 
connection between the suppr ession of star format ion and 
the strength of radio jets (e.g. iNesvadba et al.ll2008h . 

As a special and rare stage in galaxy evolution, post- 
starburst galaxies, also known as K+A or E+A galaxies be- 
cause of the characteristic features in their spectra, have 
recently undergone an abrupt cessation of active star forma- 
tion. These galaxies do not show signs of current active star 
formation in the form of optical emission lines, but their stel- 
lar populations are composed both of recently formed stars 
(represented by A-type stars with their s trong Balmer ab- 
sorpt i on lines) and of old populations (e.g. Dressier fc Gunrl 
1 19831 ; IZabludoff et all 1 1990 ; iQuintero et all 12004 ) . Post- 
starburst galaxies are located in similar large-scale envi- 
ronments as are n ormal star- f ormin g and quiet galaxies 
l|Blake et all |2004 iHogg et all l2006h , even though many 
post-starbu rst galaxies show dynamica l interactions with 
neighbours (|Yagi. Goto, fc Hattorill2006l ). Field E+A galax- 
ies are quite heterogeneous in terms of their surface bright- 
ness distribution, velocity dispersion , and luminosity d espite 
their similar spectroscopic features (|Tran et al.ll2004h . 

There are several models to explain what causes the 
intensive star formation and is abrupt truncation in post- 
starburst galaxies. External effects on galaxies such as ram 
pressure stripping mig ht play an importan t role in quickl y 
ceasing star formation dGunn fc Gott|[l97i |Presslerlfl98l) . 
Galaxy mergers are also thought to trigger intensive star 
formation, and to stop it quickly without requiring feedback 
from a central supermassive black hole (jBekki et alll2005l ) 
on timescales from a few hundred Myr to few Gyr (see 
iFalkenberg. Kotulla. fc Fritzd l2009al . for timescales and 
star formation models). Alternatively, the truncation of 
star formation might be caused by internal processes such 
as AGN feedback effects, although we do not know yet 
what types of AGN fee d back effects are most important 



what types ot AbN iced back cticcts arc most important 
dCiotti fc Ostrikerl 120071 ; ICiotti. Ostriker, fc Progal 120091; 



Shin. Ostriker, fc CiottT l20ld ; ICiotti. Ostriker fc Progal 



2010h . More general scenarios can be constructed by com- 



bining the internal and external proces ses described above 
Springe!. Di Matteo. fc Hernquist 2005; Siiac ki et all 



120071 : iKhalatvan et al.ll2008h . 

If the sudden cessation of star formation in post- 
starburst galaxies is related to AGN activity, we might 
expect to see several different forms of AGN activity in 
these objects. X-ray emission due to A GN has been re- 
ported in some post-starburs t galaxies ( Dewangan et all 
l2000l ; iGeoreakakis et all 120081 : iBrown et all 120091 ) . Some 
post-starburst galaxies also show AGN emission lines 
in th e optical in addition to strong B a lmer absorption 
lines (iBrotherton et all 1 19991 : iGotd 120061 : lYan et all 120061 : 
I Yang et al.ll2006h . Radio continuum emission thought be 
due to radio-mode AGN activit y is also detec ted in 
some post-starburst galaxies (e.g. iLiu et all l2007h . Out- 
flows have been measured via Mgll absorbers in some 
luminous post-starburst galaxies, with velocities com- 
parable to those due to AGN or extreme starbursts 
l|Tremonti. Moustakas. fc Diamond-Stanidl2007h . 

The effects of radio AGN on star formation have 



not been investigated fully in post-starburst galaxies. 
The expected lifetime of radio e mission is between 
1.5 x 10 7 years and 1 8 yea rs (|Ale2cand^rfcLe^h; 



19871; iBlundell fc Rawlingsl l200d ; IShabala et all |200_. 
Bird. Martini, fc KaiserI F2008) , much shorter than the ages 
of A-type stars, ~ 1 Gyr, found in post-starburst galaxies. If 
there is a close link between launching radio-mode AGN ac- 
tivity and quenching star formation quickly in the transition 
to the post-starburst phase, radio-emitting AGN activity in 
post-starburst galaxies should therefore be rare. 

In this paper, we focus on radio-mode AGN feedback 
and its connection to quenching star formation by study- 
ing the radio prop erties of SDSS (Sloan Dig ital Sky Sur vey) 
l|York et all I2OO0I ) post-starburst galaxies (|Gotol 120071 ). To 
this end, we investigate what kind of post-starburst galax- 
ies show radio emission from AGN activity. Based on stellar 
population fits to the SDSS spectra, we also examine how the 
quantity of recent star formation is related to the strength of 
the radio-mode AGN activity. Connections between stellar 
populations and radio emission will give us insights about 
triggering mechanisms of recent starbursts and AGN activ- 
ity. 

The paper is organised as follows. In §2, we introduce 
our sample of post-starburst galaxies, and explain how we 
identify radio sources among post-starburst galaxies. Anal- 
ysis of the stellar populations in our sample galaxies is given 
in §3. We present the radio properties of our sample, as well 
as the constraints on mechanical feedback, in §4. Discussion 
and conclusions are in §5. Throughout the paper, we use 
Ho = 70 km s _1 Mpc" " 



n m = 0.3, and Ov = 0.7. 



2 IDENTIFICATION OF RADIO SOURCES 



Our sample of post-starburst galaxies is from IGotd l|2007n . 
and consists of galaxies that have continuum dominated by 
A-type stars, but are optically completely quiet in both 
star formation and AGN activity, as measured by the ab- 
sence of both the [O II]A3727 and Ha emission lines. The 
sample of post-starburst galaxies includes all objects which 
do not have detectable [O IIJA3727 and Ha emission lines 
in their SDSS spectra from t he SDSS Data Release 5 
l|Adelman-McCarthv et al]|2007l ). but show a rest-frame K5 



equivalent width in absorpti o n of > 5 A (see Oejiilei^et^il 



20091; IPoggianti et all 120091 : IFalkenberg. Kotulla. fc Fritze 



2009a|, for various different criteria for defining E+A galax- 
ies). The redshifts of the galaxies in the sample range from 
0.0327 to 0.3421, where the upper limit guarantees that the 
Ha line is included in the SDSS spectra. 

We identify radio sources by matching the post- 
starburst galaxy sample of 564 galaxies to the FIRST (Faint 
Images of the Radio Sky at Twe nty-centimetres) catalogue 
l|Becker. White, fc Helfandlll995l) . The VLA FIRST Survey 
covers 9030 deg 2 at 1.4 GHz. 534 galaxies in our sample 
lie within the FIRST coverage. We drop 22 galaxies whose 
spectra have bad pixels affecting the results of the popu- 
lation synthesis modelling we describe below, leaving 513 
galaxies as our main sample. 137 of these galaxies have a 
FIRST detection within 2 arcmin. 

We visually inspect the morphology of the radio sources 
in the FIRST images, and evaluate the goodness of the 
positional match between the SDSS galaxies and the ra- 
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Table 1. Radio-emitting post-starburst galaxies 



SDSS name 


Redshift 


pFIRSTl 
(mjy) 


RMS FIRST2 
(mjy) 


pNVSSS 
(mjy) 


RMS NVSSi 
(mjy) 


SDSSJ082254.8+192128 


0.0626 


0.70 


0.15 






SDSSJ084542. 7+292932 


0.1475 


0.96 


0.14 






SDSS J092023. 1+394039 


0.0690 


7.96 


0.13 


4.0 


0.1 


SDSSJ094818. 6+023004 


0.0604 


2.79 


0.14 


2.7 


0.5 


SDSSJ095842.6+631845 


0.2426 


22.52 


1.75 


21.3 


0.8 


SDSSJ101342. 7+125135 


0.1391 


1.24 


0.13 






SDSSJ132542. 3+325503 


0.2926 


1.71 


0.12 






SDSSJ154322.4+331018 5 


0.1265 


3.98 


0.15 


5.2 


0.1 


SDSSJ160808.7+394755 6 


0.1909 


12.93 


0.14 


35.8 


1.5 


SDSSJ161910.4+064223 6 


0.2100 


45.20 


0.14 


77.2 


3.0 


SDSSJ165958.0+213640 


0.1567 


2.92 


0.14 


2.7 


0.5 


SDSSJ170859.2+322053 7 


0.1206 


1.10 


0.14 


2.8 


0.5 



a The integrated flux densit y at 1.4 GHz is extracted from the FIRST catalogue 
llBecker. White, fc Helfandlll995lV 

^ The RMS noise is measured locally at the source position in the FIRS T catalogue. 

c The integrated 1.4 GHz flux density is given in the NVSS catalogue llCondon et al.|[l998T) . A 

typical detection limit is about 2.5 mjy in the NVSS catalogue. 

^ The mean error of the NVSS flux density. 

e The match is uncertain for this object. 

f In the FIRST images, a pair of radio sources is seen around the SDSS galaxy. For these objects, 
we use the NVSS measurements. 

9 This galaxy has a companion galaxy jYamauchi. Yagi. fc Gotoll2008h . 



dio sources. If radio sources are positionally coincident with 
other SDSS objects in the field, we do not consider these 
as good matches. Because the angular distance between the 
post-starburst galaxies and the other SDSS sources is gen- 
erally more than 10" in these cases, we are unlikely to miss 
radio sources actually corresponding to the post-starburst 
galaxies. We find eleven unambiguous radio-emitting post- 
starburst galaxies, as well as one insecure match in which the 
radio source is not coincident with either the post-starburst 
galaxy or any other SDSS object, but is adjacent to the post- 
starburst galaxy. These sources are listed in Table [T] and 
Figure [T] We conclude that the radio flux of the remaining 
501 galaxies at 1.4 GHz is below the FIRST detection limit 
of about 1 mjy. 

The flux limit of 1 mjy corresponds to a radio luminos- 
ity ranging from 10 214 to lO^WHz -1 for the redshifts of 
our sample, assuming a power-law spectral energy distribu- 
tion with a spectral index between -1 and 1. Because this 
lumi nosity is larger t han that of some genuine radio AGN 
fe.g. lBest et"al]|2005h . there may be radio AGNs among the 
sources undetected in the FIRST survey. 

Two galaxies in our sample, SDSSJ160808. 7+394755 
and SDSSJ161910.4+064223, have two resolved radio 
sources in the FIRST images, which we interpret as 
a pair of radio lobes. No neighbour objects around 
SDSSJ161910.4+064223 are matched to these sources. Pro- 
jection of unrelated radio sources is one alternative expla- 
nation. But although the post-starburst galaxy does not lie 
right on the line connecting the two resolved radio sources, 
the redshift of the galaxy and the size of radio lobes sup- 
port our inference that the host system of the lobes is the 
post-starburst galaxy. 

The positional match is less certain in the case of 



SDSSJ154322.4+331018. The bright extended radio source 
is offset from the galaxy by about 10", and has no other 
optical counterpart that is positionally coincident. We as- 
sume that the radio source is physically associated with the 
post-starburst galaxy, but cannot prove it without further 
investigation of deep high-resolution radio imaging or deep 
optical imaging to find possible faint optical counterparts. 
Therefore, we tag this object as an uncertain match. 

We also matched our sampl e against the NVSS ( NRAO 
VLA Sky Survey) catalogue ^Condon et all 1 19981 ). The 
NVSS catalogue has a flux limit of 2.5 mjy, but does a bet- 
ter job of m easuring the integ rated flux of extended radio 
sources (see llvezic et al.l 120021 . for a discussion on match- 
ing SDSS objects to the FIRST and NVSS catalogues). Ta- 
ble Q] compares the flux measurements between the FIRST 
and NVSS catalogue. There are serious discrepancies in 
the flux levels for the two double sources; the flux from 
the FIRST catalogue is for only one of the radio lobes 
in SDSSJ160808.7+394755 and SDSSJ161910.4+064223. 
When adding the fluxes from the two lobes, the total flux 
from the FIRST catalogue is comparable to the NVSS fluxes. 
Therefore, we use the flux from the NVSS catalogue for these 
two objects. 



3 POPULATION SYNTHESIS MODEL 

We use the VESPA (VEr satile SPectral Analysis) method 
l|Toieiro et al.ll2007l . l2009h to determine stellar masses, star 
formation histories, and stellar metallicity distributions for 
all 513 galaxies in our sample. The VESPA method models 
the SDSS spectra as the linear combination of stellar popu- 
lations in up to sixteen age bins; the metallicity of the stars 
formed in each bin can have one of five metallicities. The 
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Figure 1. Radio-emitting post-starburst galaxies. Except for SDSSJ154322. 4+331018, all galaxies are well matched to the coordinates 
of radio sources. SDSSJ160808. 7+394755 and SDSSJ161910. 4+064223 are suspected to have double radio lobes. Colour images are the 
SDSS gri cutout images of size 3'x3', while the contour lines are from the FIRST images. 



number of age bins in population modelling depends on the 
amount of extractable information in the spectra given their 
signal-to-noise ratios. The model also includes one dust ex- 
tinction for young stellar populations with age < 0.3 Gyr, 
and another dust extinction factor for old stellar popula- 
tions. 

The derived star formation and metallicity histories are 
limited by the 3" spatial coverage of the spectrograph fibres. 
To correct for this fibre effect, we assume that the derived 
star formation and metallicity history from the SDSS fibre 
spectrum are appropriate for the entire galaxy. Thus we scale 
the spectrum by the difference between the SDSS fibre mag- 



nitude and the Petrosian magnitude in r-band. The average 
ratio of the fibre flux to the Petrosian flux is about 11% 
for the objects in our sample. Because we focus on the ef- 
fects of radio-mode AGN activity which should take place 
at the galaxy centre, this fibre effect is not a serious issue in 
estimating the mass fraction of recently formed stars. 

Figure [2] presents the derived star formation and 
metallicity history for two galaxies in our sample. 
SDSSJ094818. 6+023004, which shows unambiguous radio 
emission in the FIRST data (Fig. 1), has H<5 equivalent 
width (EW) 6.18 + 1.02 A, and most of its stellar mass is 
younger than 1 Gyr. Meanwhile, SDSSJ160417.3+155503, 
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Figure 2. Examples of star formation and metallicity histories with the SDSS spectra. SDSSJ094818. 6+023004 (top) is a radio source, 
and is more massive than SDSSJ160417. 3+155503, a radio-quiet source (bottom). The reconstructed spectra by the VESPA method are 
represented as red lines in the left panel. The star formation histories (SFF; star formation fraction) and metallicity distributions (Z) 
derived by the VESPA method (right) show that the young stellar population is metal-rich in both spectra. 




9 10 11 9 10 11 
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Figure 3. Distribution of total stellar mass for the post-starburst galaxies in our sample (left). The mass fraction of the stellar population 
younger than 1 Gyr (right) shows a broad distribution, and no correlation with stellar mass. 



which does not have a FIRST counterpart, is intermedi- 
ate between a strong post-starburst galaxy and a passively 
evolving galaxy, with EW(H<5) = 5.46 ± 1.25 A. Its domi- 
nant stellar population is also older than 1 Gyr. 

The derived stellar masses of the galaxies in the sample 
range from about 10 8,4 Mq to about 10 1 M©, as presented 



in Figure [3] The typical statistical uncertainty of the stel- 
lar mass is about 40% for objects in our sample, although 
systematic effects such as uncertainties in the initial mass 
function and the stellar population models u sed can affect 
the derived stellar mass l|Toieiro et al.ll2009h . Table [3 lists 
the stellar masses of the 12 galaxies with radio detections. 
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f(age < 635 Myr) f(age < 1 Gyr) 

Figure 4. Rest-frame equivalent width of the H<5 absorption line from lGotol J2007f) with respect to the recent star formation fraction. 
The equivalent width is weakly correlated with the fraction of s tellar mass younger than 635 Myr (left). But we do not find a correlation 
with t he fraction of stellar mass younger than 1 Gyr {right) Ce.g. lKauffmann et al.ll2003l : lMartin et al]|2007l ; IFalkenberg. Kotulla. fc Fritzd 
l2009ah . The typical error of EW(H<5) is about lA. 



Table 2. Radio luminosities and stellar masses of the identified radio sources 



SDSS name lo 9wL" AG 1 Hz l°9ioL™ A ^ Hz l°9wL^ A ^ Hz M* 





(WHz- 1 ) 


(WHz- 1 ) 


(WHz- 1 ) 


(1O 1O M ) 


SDSSJ082254.8+192128 


21.82 


21.85 


21.87 


1.81 


SDSSJ084542. 7+292932 


22.75 


22.81 


22.87 


2.88 


SDSS J092023. 1+394039 


22.96 


22.99 


23.02 


4.40 


SDSSJ094818. 6+023004 


22.39 


22.41 


22.44 


1.66 


SDSSJ095842. 6+631845 


24.60 


24.70 


24.79 


8.35 


SDSSJ101342. 7+125135 


22.81 


22.86 


22.92 


4.94 


SDSSJ132542.3+325503 


23.67 


23.78 


23.89 


7.91 


SDSSJ154322.4+331018 


23.22 


23.28 


23.33 


2.20 


SDSSJ160808. 7+394755 


24.57 


24.65 


24.72 


5.59 


SDSSJ161910.4+064223 


25.00 


25.08 


25.16 


9.54 


SDSSJ165958.0+213640 


23.29 


23.35 


23.42 


2.22 


SDSSJ170859. 2+322053 


22.62 


22.67 


22.72 


4.88 



An interesting quantity is the fraction of stellar 
mass that is recently formed in our sample of post- 
starburst galaxies. The fraction has a very broad dis- 
tribution (see Figure O, implying that a wide range of 
star formation and metallicity histories can give rise to 
the spectroscopic f e atures of post-starburst galaxies (e.g 



Balogh et al. 19991; Kauffmann et alj \2UUS . 
20071 ; IFalkenberg, Kotulla. fc Fritzell2009al lbl). 



burst galaxies (e.g. 
2003; Ikartin et all 



Figure [4] shows that the mass fraction of young stars 
in galaxies is only weakly related to the strong H<5 absorp- 
tion line which was used to compile the sample of post- 
starburst galaxies. We used both 635 Myr and 1 Gyr as the 
possible upper age limit to define the young stellar popula- 
tion, but we did not find a strong correlation between the 
young mass fraction and the strength of the H<5 absorption 
line in either case. Because various star formation histories 



can produce a given H<5 absorption line strength by vary- 
ing the strength of recent starbursts an d their timescales 
(e.g. IFalkenberg. Kotulla. fc Fritzell2009ah . it is not surpris- 
ing that we found no strong correlation. 



4 RADIO PROPERTIES 
4.1 Radio emission 

Radio emission in a galaxy can be due to either AGN or star 
formation. Even though none of our sample galaxies show 
any strong star formation signature in their optical spectra 
(by definition), it is possible that th e galaxies are heavily 
dust-extincted ijShiova fc BekkfeOOOT l. or that weak residual 
star formation activity exists associated with the detected 
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Figure 5. Upper limit of the SFR derived from the observed radio emission (assuming a radio spectral index a = 0) as a function of 
mass (left) and dust-extinction optical depth of the young stellar population (rgc) from the VESPA method (right). For galaxies not 
matched to radio objects (empty squares), we plot the 2<r upper limit of radio luminosity corresponding to 1 mjy flux density at 1.4 
GHz. Except for the uncertain match SDSSJ154322. 4+331018 (triangle), objects with matched radio sources are shown as circles. 
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Figure 6. Correlations between radio luminosity (i.e. mechanical power) and stellar mass (left), and the mass of the stellar population 
younger than 635 Myr (right). Symbols are same as in Figure[5] Among the twelve radio-detected objects, only SDSSJ101342. 7+125135 
has more than 50% of its stellar mass younger than 635 Myr; it has a total stellar mass of 4.9 x10 10 Mq. 



radio emission, which is not strong enough to produce opti- 
cal emission lines. The timescale of radio emission from star 
formation can range from about 10 7 to 10 8 yr, depending 
on the supply and escape of cosmic rays and their environ- 
ment as well as the lifetime of HII regions (|Chi fc Wolfendald 



Il99d : iHelou fc Bicavl fl993l V This timescale might be long 
enough to be an explanation for at least some post-starburst 
galaxies. Therefore, it is necessary to examine whether the 
radio emission is due to star formation. 

AGN radio emission can be distinguished in two ways 
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(see iMushotzkvl |2004 for a review). First, multiple radio 
emission comp onents such as lobes or jets are signatures of 
AGN activity (jFanaroff fc Rilevl Il974l : iReviriio fc Helfandl 
2006). In our sample, we find extended multiple emission 
regions that are not matched to the optical light distribu- 
tion in SDSSJ094818.6+023004, SDSSJ16080808.7+394755, 
and SDSSJ161910.4+064223 as well as the uncertain case 
SDSSJ154322.4+331018 (see Figure [T]). Second, the radio 
luminosities of these galaxies can be used to identify radio- 
emitting AGNs. The radio-to-optical flux ratio or radio lumi- 
nosity itself can be used statis tically to recognise radio emis- 
sion from AGN activity (e.s. Ilvezic et al] 120021 : feest et al.l 
2005). But with the small number of objects in our sample, 
it is not safe to use the radio-to-optical flux ratio to dis- 
tinguish radio emission from AGN and from star formation. 
Moreover, the boundary of the f lux ratio between the tw o 
emission sources is not sharp (e.g. IReviglio fc Hclfand 2006). 

If we assume that the radi o emission is due entirely 
to ongoing star formation (e.g. I Goto! [20041 ). we can con- 
vert the observed radio luminosity to the expected current 
star formation rate (SFR) follo wing the conversion given by 
lYun. Reddv. fc Condon! l|200ll ): 

SFR (M yr _1 ) = 5.9 x 10" 22 L lAGH , (WHz _1 ) 

assuming the Salpeter initial mass function dSaIpetedll955h 
with a mass range from 0.1 to 100 M Q (see iBelll l20ol ; 
Hopk ms et all l2003l . for different conversions) . The coef- 
ficient in_tlris_e£|ua^iOTi_lTasa statistical scatter of about 
30% (lYun Reddv. fc Condor] 1200 ll ). When we adopt the 
Chabrier (jChabrierl 12003! ) initial mass function, the differ- 
ence in the estimated SFRs with these two initial mass 
functions is lo gioSF Rsaipeter - logioSFRchabricr ~ 0.186 



l|Bardelli et all [20091. For our twelve radio post-starburst 
galaxies, radio luminosities are estim ated for three differ- 
ent s pectral indices (a = — 1,0, 1)Q (|Tongue fc Westpfahll 
1 19951 ) for a power-law energy distribution F v oc v a . The 
radio luminosity Liaghz ranges from about 10 21 ' 8 W Hz -1 
to 10 25 ' 2 W Hz" 1 , as presented in Tabled For the galax- 
ies which have no detectable radio counterparts, we use the 
radio flux upper limit of 1 mjy at 1.4 GHz. 

Figure [5] shows the resulting predicted SFRs as a 
function of stellar mass. All galaxies with detected radio 
emission except SDSSJ082254.8+192128 would have SFR 
> lOM© yr -1 assuming the radio emission is due entirely to 
ongoing star formation. This level of hidden star formation 
seems highly unlikely given the absence of strong emission 
lines such as [Oil] and Ha, as we now show. 

We estimate the expected unextincted luminosity and 
equivalent width of the [OII]A3727 emission line from the 
SFR upper limit derived earlier, assuming that the radio 
emission is from current star forma tion. Using the conver sion 
from SFR to [Oil] luminosity from lHopkins et al.l l[2003T l. we 
derive the expected equivalent width 

SFR (M s yr- 1 ) 2.97 x 10 33 (W) 



EW, in 



lion] 



P c ([OII]) Pc([OD]) 

where P c is the continuum at 3727A. For 
SDSSJ082254.8+192128, which has the lowest expected 

1 a = —0.5 is the conventional border between steep and flat- 
spectrum sources. 



SFR ~ 4Mq yr 1 among the radio sources, we find an 
equivalent width of about 260 A, which is muc h larger tha n 
the observational limit of EW([OII]) = 0.63 A l|Gotoll2007l l. 
This constraint on the equivalent width is not affected by 
dust extinction, which affects continuum and line emission 
equally. It is a reasonable assumption that both emission 
lines and the blue stellar continuum originate from the 
same stellar population in the case of the highly obscured 
intensive star forming galaxies which we consider here. It is 
unlikely that selective high dust extinction of the emission 
line flux can explain the absence of emission lines with this 
large expected equivalent width. 

We also examine the optical depth for dust extinction 
(tbc) which is ap plied to the young s tellar population in the 
VESPA analysis (|Toieiro et al.ll2007l l. Although tbc might 
be less reliable than the constraint with EWii nc , the distribu- 
tion of tbc should be at least consistent with the constraint 
from the expected EW. Figure [5] shows that tbc is low for 
sources of high radio luminosity. This trend is opposite to 
what would be needed to explain the absence of [Oil] emis- 
sion if the radio emission is due to star formation. We thus 
conclude that the radio emission in these twelve galaxies is 
dominated by AGN activity. 



4.2 Feedback energy and recent star formation 

Radio luminosity has been commonly used as a tracer of 
mechanical energy input by radio-mode AGN feedback. A 
simple scaling relation, albeit with non- negligible scatter, 
between radio luminosity and m echanical power has been 



suggested fe.g. lBfrzan et al 



lationship from Birz an et al 



2004). Adopting the scaling re- 



logio( 



-) = 0.35log 10 ( 1024 WHz _ 1 ) + 1.85, 



10 42 erg s" 



we estimate the mechanical power L mec h from radio-mode 
AGN activity from the measured L\achz for the twelve ob- 
jects which are matched to radio sources. 

The mechanical power in radio-emitting samples ranges 
from 1.2x 10 43 to 1.8x 10 44 erg/s, as shown in Figure[6] Inter- 
estingly, the mechanical energy is higher f or objects o f highe r 
galaxy stellar mass, in agreement with iBest et aD (2005), 
who show that luminous radio sources are more likely to 
be hosted by more massive galaxies. Although our sample 
is radio flux-limited, the absence of luminous radio sources 
for low-mass galaxies is not due to selection effects, as the 
distribution of the radio luminosity upper limits for objects 
without radio counterparts shows in Figure [5] This trend is 
not surprising because massive galaxies host massive cen- 
tral black holes, which can produc e radio jets with a large 
amount of mechanical p ower (see [Meier 2003]; IBest et al.l 
120051 : 1 Barde lli et al ] |20ld . for a discussion). It also suggests 
that the mechanical power is correlated with the old stellar 
population, which dominates the stellar mass. 

In contrast, no correlation of recently formed stellar 
mass with mechanical power output is apparent, as pre- 
sented in F i gure El In elliptical galaxies with hot gas halos, 
lAllen et al] l|2006h found a tight positive correlation between 
Bondi accretion power and jet power. Because the SFR also 
shows a strong correlation wi th the black hole gr owth rate 
at the centre of cooling flows (Raf fertv et al.ll2006h . a corre- 
lation between jet power and recently formed stellar mass is 
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expected in galaxies with significant cooling flows. But our 
sample is not consistent with this picture. This result sug- 
gests that the recent star formation was ignited by a cooling 
flow in only a fraction at best of radio post-starburst galaxies 
in our sample. 



5 DISCUSSION AND CONCLUSIONS 

We find that the abrupt cessation of star formation in 
post-starburst galaxies is not caused solely by radio-mode 
feedback from AGN. The typi cal lifetime of radio emis- 
sion is of order W 7 - 10 8 vrs llBlundell fc Rawlingsl I2OO0I ; 
IShabala et ail 120081 : iBird. Martini, fc Kaiseri 12008 1. How- 
ever, the post-starburst phase can last up to ~ 1 Gyr (the 
lifetime of A- type stars), and must be longer than ~ 1 
Myr which is constrained by the typical lifetime of mas- 
sive stars that produc e ionising photons and emission lines 
|Charlot fc FaUll200Ch . Therefore, the existence of radio- 
emitting post-starburst galaxies implies that radio-mode 
AGN activity, which is the source of the radio emission we 
observe, should form after the end of the recent starburst. 

But we cannot rule out that the rest of the objects in 
our sample (i.e. those without detectable radio emission) 
might have experienced radio-mode feedback and the ces- 
sation of star formation concurrently. Because our sample 
is flux-limited in the radio, we were unable to prove that 
the late stage of post-starburst galaxies always accompanies 
radio-mode AGN activity after the end of star formation, 
particularly for massive post-starburst galaxies. Future deep 
radio surveys of post-starburst galaxies will be required to 
detect low- luminosity radio emission in the rest of our sam- 
ple galaxies. 

This time delay between the cessation of star forma- 
tion and radio-emitting AGN activity was already sug- 
gested for some radio-excess IRAS galaxies based on the 
same kind of time con straints arguments as we have given 
(Buchanan ct al. 200^). This kind of time delay is also found 
in the nuclei of local Seyfert gala xies based on ages of stellar 
populations (|Davies et al.l 120071 ). Although radio excess in 
IRAS galaxies and Seyfert galaxies might evolved differently 
than radio emission in post-starburst galaxies, the delay be- 
tween fuelling the central black hole and r ecent star forma- 
tion i s about 50 to a few hundred Myr fe.g. lSchawinski et al.l 
l2007h . In our constraint, the upper limit of this time de- 
lay can be up to about 1 Gyr, which is basically limited 
by the age of post-starburst stellar population. The physics 
of this time delay is still uncertain, although observational 
constraints suggest that strong fuelling onto a central su- 
permassive black hole occurs after intensive star formation, 
and is regulated by the recent and ongoing star forma- 
tion in a galaxy (see IShlosman. Begelman. fc Frank! Il990l ; 
iDavies et al.ll2007l . for a discussion of the time delay). 

In the cooling flow paradigm of early-type galaxies, cold 
gas in the cooling flo w forms new stars and also fuels the cen- 
tral b l ack hole. If so (ICardiel. Gorgas. fc Aragon-Salamanca 
19981 : iBildfell et all l200Sl : lO'Dea et al l 120081 : IPipino et al. 
20091'). the spectral energy distribution might go through 
a post-starburst phase , with AGN feedback (e.g. 
ICiotti. Ostriker. fc Progal 120101) . Radio-emitting post- 
starburst galaxies without evidence for galaxy interactions 
might have been fed by a cooling flow. 



Alternatively, let us consider the galaxy interaction 
scenario. Many post-starburst galaxies are thought to be 
merger remnants, where the termination of star forma- 
tion see ms to occur before the radio-mode AGN activ- 
ity (e.g. iTadhunter et alj|20o5 lEmonts et all 120061 '). More- 
over, powerful radio galaxies seem to be more com- 
monly hosted by galaxy mergers than ar e less luminous 
radio galaxies and radio - quiet ellipticals (|Heckman et al.l 
1 19861 : Iwilson fc Colbertl Il995h . One of our sources, 
SDSSJ170859.2+32205 3, is already known to be a m erg- 
ing/interacting galaxy (|Yamauchi. Yagi. fc Gotoll2008h . but 
follow-up deep optical imaging of the other radio-emitting 
post-starburst galaxies in our sample may reveal mergers, al- 
lowing an investigation of a link between galaxy interaction, 
star formation triggering, star formation quenching, and the 
initiation of radio-mode AGN activity. Numerical simula- 
tions of galaxy mergers or interactions including radio-mode 
AGN activity would allow a test of the observed features 
of morpholog ically disturbed ra dio-emitting post-starburst 
galaxies (e.g. ISiiacki et alj|2007h . 

The key difference between the two scenarios might be 
different time delays between the end of intens ive star for- 
mation and the ignition of AGN activity (e.g. Wil ls et al.l 
2008). Further investigation of distinctive spectroscopic fea- 
tures from different time delays and star formation histories 
may yield the evide nce of these two processes in the pos t- 
starburst phase fe.g. iFalkenberg. Kotulla. fc Fritzell2009al '). 

In this paper, we did not consider that possible early 
radio AGN activity, which does not correspond to what we 
detect now in radio, might be an effective way to quench 
star formation. For example, the radio galaxy 3C 236 has 
both multiple stellar populations and multiple radio sources 
which might have for med concurrently in several episodes 
ijTremblav et alJl2Qloh . But because the visible radio relics 
of the past active phase dim fast and appears at low fre- 
quencies within 1 Gyr, it might be diffi cult to detect activity 
older than about 10 8 yr in radio data (|Kaiser fc Cotterll2002l : 
iGodambe et al .120091 ). Deep X-ray imaging of radio-emitting 
post-starburst galaxies might be helpful to disc over the fos- 
sil re cord of the past radio-mode AGN activity l|juett et al.l 
l200Sh . 

In addition to the delayed radio-mode AGN activity 
discussed in this paper, there might be other kinds of AGN 
feedback effects which can cause the sudden cessation of star 
formation in post-starburst galaxies. For instance, it is al- 
ready known that some post-starburst galaxies show clear 
spectroscopic features of quasar emission, implying that 
quasar activity lasts longer than star for mation or is trig- 
gered after the peak of star formation (e.g. iBrotherton et all 
1999). X-ray emission from AGN a ccretion is also fo und 
in some post-starburst galaxies (e.g. iBrown et af1l2009h . It 
will be important to understand what kind of post-starburst 
galaxies do not have any kinds of AGN feedback effects, and 
how the types of AGN activity are related to other prop- 
erties of post-starburst galaxies such as merger stages and 
environment. 
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